Background {#Sec1}
==========

Malaria remains one of the most severe infectious diseases worldwide, it was estimated that about 3.4 billion people were at risk of malaria in 2012. There were about 207 million malaria cases worldwide, 627 000 malaria deaths are estimated to have occurred in 2012 \[[@CR1]\]. Malaria is one of the major parasitic diseases that is widely distributed in China \[[@CR2]\], with both *Plasmodium falciparum* and *Plasmodium vivax* historically prevalent \[[@CR3]\]. Despite national control efforts against malaria and international support in the past decades, 26,825 malaria cases were reported from 2009 to 2011 in China \[[@CR4]-[@CR6]\].

Hubei Province is located in Central China and the middle reaches of Yangtze River. Historically, malaria transmission is unstable and prone to outbreak. The main malaria vectors are *Anopheles sinensis* and *Anopheles anthropophagus*. In Hubei Province, 18 counties are within the *A. sinensis* and *A. anthropophagus* distribution areas, whereas 84 counties are within *A. sinensis* areas \[[@CR7]\]. Two peak epidemics occurred in 1954 and 1970, with annual incidences as high as 2,098/100,000 population and 6,024/100,000 population, respectively \[[@CR8]\]. *Plasmodium vivax, P. falciparum*, and *P.malariae* were endemic in Hubei, with *P. vivax* as the dominant species. Indigenous *P. falciparum* and *P. malariae* were successfully eliminated in 1963 \[[@CR9]\]. Through comprehensive implementation of effective interventions, malaria incidence started decreasing in 1980 and further decreased from 898/100,000 population in 1981 to 3/100,000 population in 2001 \[[@CR10]\]. However, malaria has resurged in 2002, occurring at 9/100,000 population \[[@CR11]\]. The incidence of malaria has steadily decreased since 2004, but remains relatively high in several counties \[[@CR9],[@CR12]\].

A National Malaria Control Programme of 2006--2015 was formulated by the Ministry of Health in 2006 and, in 2010, the Chinese government launched the National Malaria Elimination Programme (NMEP) \[[@CR3],[@CR13]\]; the Hubei Province aims to eliminate local malaria by 2015. A better understanding of spatial, temporal, and spatiotemporal distribution of malaria would help in identifying the high-risk areas and periods of malaria for the effective control and elimination malaria in Hubei Province.

Spatial-temporal epidemiology of malaria has provided us a useful method to understanding spatial and temporal patterns of malaria epidemics, assessing changes in malaria transmission and identifying malaria epidemics areas and periods with a higher risk at different scale \[[@CR14]-[@CR18]\]. A geographic information system (GIS) with spatial statistics, spatial scan and spatial-temporal scan has been widely applied to recognize the spatial and temporal variation features of malaria \[[@CR19]-[@CR21]\].

In this study, the space, time, and space-time clusters of malaria cases were investigated at the country level in Hubei Province between 2004 and 2011. Two cluster detection methods were used to identify the malaria spatial cluster in 2004--2011.

Methods {#Sec2}
=======

Study area {#Sec3}
----------

The study site is Hubei Province (108°21′ \~ 116°07′E, 29°05′ \~ 33°20′N), which is located in the middle and lower reaches of Yangtze River. Subtropical monsoon climate and high rainfall occurrence comprise an ideal environment for malaria transmission. The maximum distance from east to west is approximately 740 km, and that from north to south is approximately 470 km. The area has a population of 57,237,740 (sixth national census in 2010) and encompasses 185,900 km^2^ (Figure [1](#Fig1){ref-type="fig"}).Figure 1**Location of Hubei Province, China.**

Malaria data {#Sec4}
------------

Data on malaria cases at the county in Hubei Province level between 2004 and 2011 were obtained from the China Information System for Disease Control and Prevention. The information system requires that malaria must be reported online. The malaria cases were identified on the basis of the national standard regimen. The data, which include the province name, county name, age, gender, and places where the infection was diagnosed and acquired, were also defined. The retrospective analysis of local malaria cases in Hubei Province from 2004 to 2011 was then performed.

GIS-mapping and global spatial autocorrelation analysis {#Sec5}
-------------------------------------------------------

The annual malaria incidence per 100,000 individuals at each county was determined for the past eight years. The malaria incidence at county level in Hubei Province was plotted using GIS mapping technique by year. The annual malaria incidence at the county level for each year was determined to assess the malaria spatial distribution. The global spatial autocorrelation was investigated using Global Moran's *I* statistics in ArcGIS software version 10.0 (ESRI Inc., Redlands, CA). Moran's *I* statistical analysis tests the null hypothesis that measures the values at a location independent of values at other locations. The values vary from −1 to 1. Positive (negative) values indicate the presence of positive (negative) spatial autocorrelation, whereas a zero value indicates a random spatial pattern \[[@CR22]\].

Spatial cluster analysis {#Sec6}
------------------------

The spatial clustering of malaria was performed by using two cluster detection methods to identify the high-risk areas. The first method is Anselin's Local Moran's *I* in ArcGIS software \[[@CR23]\]. Anselin's Local Moran's *I* \[[@CR24]\] enabled the detection of the spatial autocorrelation for a county with its adjacent county. The weight element was assumed as 1 if two counties are neighbors; otherwise, we assumed the value as 0 in the weight matrix which defines the spatial autocorrelation among counties. Spatial clusters of malaria are identified by detecting local areas where high incidence counties border other high incidence counties (high-high pattern) and where high counties border low incidence counties (high-low pattern).

The second method was Kulldorff's spatial scan statistical analysis \[[@CR25],[@CR26]\] implemented in SaTScan software (version 8.0, Kulldorff and Information Management Services, Inc.). SaTScan imposes circular windows of varying sizes on the spatial data to detect high-risk spatial clusters of cases. In this study, the maximum spatial cluster size of the population at risk was set to 20%. The observed cases were compared with expected cases inside and outside each window, and the risk ratios were estimates on the basis of Poisson distribution. With the use of circular scanning windows, the cluster statistical significance was investigated with a log likelihood ratio test using the number of Monte Carlo replication sets, which was set to 999, under the null hypothesis of random distribution. The method is used to identify not only the most significant cluster, but also a number of secondary potential clusters.

The frequency of spatial cluster occurrence was calculated for each county from 2004 to 2011. The frequencies were calculated considering either (i) clusters detected by one of the two cluster detection methods above (weak evidence of clustering) or (ii) clusters detected by both two cluster detection methods above (strong evidence of clustering).

Temporal and space-time cluster analysis {#Sec7}
----------------------------------------

Pure retrospective temporal analysis scanning was performed by software to detect the temporal clusters of malaria cases with high rates using the discrete Poisson model. In this study, the time aggregation length was set to one month, and the maximum temporal cluster size was set to the default value of ≤ 50% within the study period. For each window of varying position and size, the software estimated the risk of malaria inside and outside each window, and the null hypothesis of equal risk. The space-time cluster was detected with high rates through the retrospective space-time analysis scanning using the discrete Poisson model. The space-time scan statistic was defined by a cylindrical window with a circular (or elliptic) geographic base, the height of which corresponds to time.

Results {#Sec8}
=======

Malaria incidence and global spatial autocorrelation of malaria in Hubei Province {#Sec9}
---------------------------------------------------------------------------------

In Hubei Province, a total of 9,840 malaria cases have been reported from 2004 to 2011. Figure [2](#Fig2){ref-type="fig"} shows the annual malaria incidence from 2004 to 2011. Table [1](#Tab1){ref-type="table"} shows that the number of counties with reported malaria cases decreased from 67 in 2004 to 19 in 2011, and the malaria incidence decreased from 4.40/100,000 individuals in 2004 to 0.14/100,000 individuals in 2011. Malaria incidence per year steadily decreased despite the slight resurgence in 2006. The global spatial autocorrelation analysis for the annual malaria incidence in Hubei Province showed that Moran's *I* values were statistically significant for each year, indicating a significant overall spatial autocorrelation.Figure 2**Annual malaria incidence at county level in Hubei Province from 2004 to 2011.**Table 1**Incidence (cases/100,000) of malaria and its global spatial autocorrelation in Hubei Province, ChinaYearNIncidence rate*I**Z*p-value**2004674.400.174.750.002005662.660.256.190.002006633.060.195.210.002007653.020.205.050.002008551.870.215.460.002009541.190.174.500.002010520.680.174.240.002011190.140.072.100.04N: number of counties reporting malaria case.I: the Global Moran's *I* coefficient.Z: the Global Moran's *I* statistic value.P: p-value for the Global Moran's *I* statistic.

Distribution of malaria spatial clustering {#Sec10}
------------------------------------------

The analysis of the spatial cluster of malaria cases from 2004 to 2011 showed that malaria was not randomly distributed in the study area (Table [2](#Tab2){ref-type="table"} and Figure [3](#Fig3){ref-type="fig"}). Figure [3](#Fig3){ref-type="fig"} shows the results of spatial cluster analysis. These results were obtained through Local Moran's *I* and Kulldorff's spatial scan statistic. Ten high-high counties were identified using Local Moran's *I* analysis from 2004 to 2011, and a high-low county was identified in 2010. The median annual malaria incidence of high-risk counties was 58.81/100,000 individuals in 2004. This value steadily decreased since 2008. In 2011, three high-high counties were identified using Local Moran's *I* analysis, a median malaria incidence of 0.79/100,000 individuals was determined in 2011 (Table [3](#Tab3){ref-type="table"}).Table 2**The cluster of malaria cases detected using the purely spatial clusteringYearTypeNCoordinates/RadiusObserved casesExpected casesRRLLRp-value**2004A532.1727 N,112.2313E/53.23 km1917167.0439.033785.830.00B531.3004 N,113.6210E/45.28 km288150.532.0253.250.002005A1332.0882 N,112.7601E/119.54 km1280254.7827.131673.240.002006A1032.0882 N,112.7601E/108.22 km1476245.2933.442185.750.002007A1332.0882 N,112.7601E/119.54 km1509290.0335.402085.960.002008A1031.8849 N,113.2816E/103.99 km864160.2024.281153.570.002009A1332.0882 N,112,7601E/119.54 km514115.2015.12564.950.00B430.9408 N,114.0040E/32.82 km6127.372.3516.130.002010A1031.8849 N, 113.2816 E/103.99 km25958.8811.12262.210.00B130.7392 N,111.2928E/0.00 km132.754.8610.080.002011A1132.0882 N,112.7601E/116.40 km7011.9439.90104.620.00Type: A: the most likely cluster; B: secondary cluster.N: the cluster number of county was identified by Kulldorff's spatial scan.RR: Relative risk; LLR: Log likelihood ratio.Figure 3**Annual spatial clusters of malaria cases identified from 2004 to 2011.** Each panel shows the results of both methods. One method is the Anselin's Local Moran's *I* test; another is the Kulldorff's spatial scan statistic.Table 3**Incidence (cases/100,000) of malaria of high-risk counties for each yearYearNMinQ1MedianQ3Max**200447.3519.3458.8184.8292.32200566.908.2420.5031.2337.55200655.3113.2331.3345.3056.25200755.0616.6031.8137.4941.96200873.103.4212.5117.8330.83200981.612.446.0510.8117.69201072.222.453.025.089.05201130.440.440.792.992.99N: the number of high-risk counties was identified by Local Moran's *I*.

From 2004 to 2011, Kulldorff's spatial scan method identified 11 different significant spatial clusters (eight most likely clusters and three secondary likely clusters), with an annual cluster number ranging from one to two. The number of counties per most likely cluster ranged from 5 to 13 from 2004 to 2011 (Table [2](#Tab2){ref-type="table"}). In 2011, the most likely cluster, including 11 counties, was identified through Kulldorff's spatial scan.

12 counties were detected five or more times by one of the two cluster detection methods (Guangshui, Xiangzhou, Zaoyang, Yicheng, Zhongxiang, Zengdu, Anlu, Fancheng, Jingshan, Laohekou, Xiangcheng and Nanzhang), the median frequency was 6 (range = 1--8) for clusters occurrence detected by one method (Figure [4](#Fig4){ref-type="fig"}A). Clusters were found in 5 counties (Xiangzhou, Zaoyang. Zengdu, Guangshui and Laohekou) five or more times by both methods, the median frequency was 3 (range = 1--8) for clusters detected by both methods (Figure [4](#Fig4){ref-type="fig"}B).Figure 4**Frequency of cluster occurrence from 2004 to 2011. A**: Frequencies of spatial cluster occurrence detected by one of the two methods (Local Moran's *I* test or spatial scan statistic). **B**: Frequencies of spatial cluster occurrence detected by both methods.

Distribution of malaria temporal clustering {#Sec11}
-------------------------------------------

Table [4](#Tab4){ref-type="table"} shows the purely temporal clusters. The temporal clusters of malaria cases in Hubei Province included four months in 2004 to 2006 (June to September), five months in 2007 to 2010 (May to September), and five months in 2011 (February to June).Table 4**The cluster of malaria cases detected using the purely temporal clusteringYearCluster time frameObserved casesExpected casesRRLLRp-value**20042004/6/1-2004/9/302184882.009.451361.300.0020052005/6/1-2005/9/301060505.724.66422.450.0020062006/6/1-2006/9/301190583.594.26437.840.0020072007/5/1-2007/9/301258720.573.78344.750.0020082008/5/1-2008/9/30699445.202.66122.540.0020092009/5/1-2009/9/30436285.462.4767.310.0020102010/5/1-2010/9/30228163.481.9521.540.0020112011/2/1-2011/6/305532.883.1512.450.00RR: Relative risk; LLR: Log likelihood ratio.

Distribution of malaria spatiotemporal clustering {#Sec12}
-------------------------------------------------

Table [5](#Tab5){ref-type="table"} shows the cluster of malaria cases detected through the space-time scan statistics from 2004 to 2011 in Hubei Province. The most likely cluster and a secondary cluster were identified (Table [5](#Tab5){ref-type="table"} and Figure [5](#Fig5){ref-type="fig"}). The most likely cluster included 13 counties, and the time frame was from April 2004 to November 2007. The secondary cluster included four counties from May to September 2005.Table 5**The cluster of malaria cases detected using the retrospective space-time analysis from 2004 to 2011 in Hubei ProvinceTypeNTime frameCoordinates/RadiusObserved casesExpected casesRRLLRp-value**A132004/4/1-2007/11/3032.0882 N, 112.7601 E/119.54 km6654763.2824.8411072.630.00B42005/5/1-2005/9/3030.9408 N, 114.0040 E/32.82 km6720.423.3033.130.00Type: A: the most likely cluster; B: secondary cluster.N: the cluster number of county was detected by retrospective space-time analysis.RR: Relative risk; LLR: Log likelihood ratio.Figure 5**Locations of the detected clusters of malaria cases by the space-time analysis during 2004--2011.**

Discussion {#Sec13}
==========

GIS and scan statistical method were used to examine the changing patterns and clusters between 2004 and 2011 in Hubei Province. In this study, the results showed significant global spatial autocorrelations of malaria incidence from 2004 to 2011 (Table [1](#Tab1){ref-type="table"}), indicating that the malaria spatial distribution still followed a clustered pattern. The overall malaria incidence has decreased to a low level from 2004 to 2011.

The spatial cluster analysis indicated that the malaria incidence significantly decreased, and the median annual malaria incidence of high-risk counties decreased from 58.81/100,000 individuals in 2004 to 0.79/100,000 individuals in 2011. In 2011, three high-risk counties were identified through Local Moran's *I* analysis (Figure [3](#Fig3){ref-type="fig"} and Table [3](#Tab3){ref-type="table"}), and the spatial extent of the malaria cases remained scattered in 2011 (Figure [3](#Fig3){ref-type="fig"} and Table [2](#Tab2){ref-type="table"}), indicating that a large population was still at risk.

In this study, the high-risk areas from 2004 to 2011 were mainly in the *A. sinensis* and *A. anthropophagus* epidemic areas, and spatial clusters more frequently occurred within 4 counties (Xiangzhou, Zaoyang. Zengdu, Guangshui) in the *A. sinensis* and *A. anthropophagus* distribution areas and within 1 county (Laohekou) within the *A. sinensis* epidemic areas. The average vector capacity of *A. anthrophagus* was 44.47 times higher than that of *A. sinensis* \[[@CR27],[@CR28]\], which frequently reduces the local outbreak in *A. sinensis* and *A. anthropophagus* epidemic areas \[[@CR7],[@CR10]\]. In addition, Laohekou is more frequently detected spatial cluster area, the malaria incidence of which was higher than that in other counties within *A. sinensis* epidemic areas. This observation may be attributed to the fact that Laohekou is near the *A. sinensis* and *A. anthropophagus* epidemic areas, and the people in Laohekou have the habit of sleeping in open areas without protection during summer. Several studies on insecticide resistance have shown that *A. sinensis* was highly resistant to both deltamethrin and DDT in several parts of these areas \[[@CR29],[@CR30]\]. The high-risk areas have always been the focus of malaria control and elimination in Hubei Province \[[@CR7],[@CR9],[@CR10],[@CR12]\]. The corresponding effective control strategies, such as the proper use of insecticides and environmental management, are important for the malaria vector control and should therefore be implemented.

The purely temporal cluster analysis showed the high-risk months of malaria for each year from 2004 to 2011. The temporal clusters per year from 2004 to 2010 were consistent with the malaria epidemic season in Hubei Province, and the favourable climax condition in high-risk months is prone to malaria transmission \[[@CR9],[@CR12]\]. However, the temporal cluster in 2011 was observed before the epidemic season, most likely because of the significant decrease in malaria cases caused by the effective malaria control measures implemented. A total of 80 malaria cases were reported malaria in Hubei Province in 2011 \[[@CR12]\], offsetting the effects induced by weather factors.

Space-time clustering identified two likely clusters of malaria before December 2007. The cluster areas were high malaria incidence counties, which were mainly within *A. sinensis* and *A. anthropophagus* epidemic areas. The malaria cases in *A. sinensis* and *A. anthropophagus* epidemic areas accounted for more than 80% of the total cases in Hubei Province \[[@CR7],[@CR9]\]. Since December 2007, the malaria cluster has not been identified because of the malaria programme of China Global Fund's first and fifth round and malaria programme of the National Strategy Application implemented in Hubei from 2003 to 2011 \[[@CR31],[@CR32]\]. The measures of these programmes were mainly diagnostic, standard treatment, effective prevention, health education and promotion of malaria for high-risk population.

The NMEP aims to eliminate local malaria by 2015 in Hubei Province. Thus, effective control measures are necessary to achieve this aim. This study showed that the spatial extent of malaria cases remains scattered, and high-risk areas still exist. Furthermore, imported malaria cases pose constant challenges in eliminating malaria in Hubei Province, and the percentage of foreign malaria strains increases every year \[[@CR33],[@CR34]\]. The malaria outbreaks originating from foreign cases have been reported in non-endemic malaria areas \[[@CR35]-[@CR37]\]. Hubei Province was historically a high-endemic area, and the malaria vector remains widely distributed throughout the province \[[@CR28]\]. This phenomenon suggests that significant attention must be directed toward high-risk areas to prevent the potential malaria resurgence similar to what occurred in Central China \[[@CR38],[@CR39]\]. Meanwhile, malaria elimination strategies should focus on high-risk areas considering the limited resources.

In this study, two cluster detection methods were used to identify the different types of malaria clusters, as recommended and applied by other researchers \[[@CR40]-[@CR42]\]. Local Moran's *I* analysis based on spatial attributes reflects the severity of malaria, and is biased when population sizes at risk in each county varies substantially \[[@CR43]\]. Kulldorff's statistical analysis detects malaria spatial distribution, focuses on the extent of malaria, and is useful in detecting circular shapes; however, it has limitations in detecting irregular circular shapes \[[@CR44]\]. The two cluster methods can jointly improve our overall understanding of the complicated malaria spatial pattern \[[@CR40]\].

Conclusions {#Sec14}
===========

This study analysed the spatial, temporal, and space-time clusters of malaria cases at county level in Hubei Province from 2004 and 2011. In summary, the malaria incidence generally decreased to a low level from 2004 to 2011. The purely spatial and purely temporal clusters were statistically significant for each year. The malaria spatial extent remains scattered, and a large percentage of the population is still at risk. High-risk areas still exist. The study could be helpful in prioritizing the resource assignment for malaria cases in high-risk areas for more effective disease control. Such assignment must be targeted to eliminate malaria in Hubei Province.
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